ABSTRACT A diplexer with different-frequency power dividers cascaded to its output ports can split a signal into different frequency bands for power dividing functions. However, the design of a diplexer usually requires two different frequency filters. This paper presents three new microstrip diplexing power dividers (DPDs) to achieve duplexing power division without requiring additional filters. Moreover, to increase selectivity, each of the proposed DPDs has the flexibility of adding a dual-band filter to its input port. In particular, the proposed DPDs have matching circuits integrated in the dividers, enabling each divider with imaginary input impedance to reach the required open condition; this is achieved by designing a 50-transmission line of appropriate length or a quarter-wavelength (λ/4) transmission line.
I. INTRODUCTION
The main function of a diplexer is to transfer different band signals to the corresponding channels. Planar diplexers have been widely investigated for wireless front-end circuits [1] - [12] . For example, [1] - [10] reported on the bandpass response in each channel diplexers. In addition, [11] and [12] have presented low-pass-bandpass diplexers, and [2] - [5] and [7] have improved the selectivity and isolation of diplexers. Moreover, [3] - [8] and [10] have proposed diplexers for compact and ultra-wideband applications, and [9] proposed a diplexer with edge-coupled filters to avoid the size of matching circuit. However, in [9] , external quality factor realization for non-narrowband filter response was difficult because of the limitation of coupled line distance.
Wilkinson power divider (WPD) [13] can be used for splitting power along different paths because of its simple design, low transmission loss, and high isolation properties. Several modified Wilkinson power dividers (WPDs) have been proposed for various requirements [14] - [24] . For example, [14] , [15] , [17] , and [19] have presented compact WPDs; [16] , [17] , and [19] have focused on improving spurious responses. Recently, multiband and filtering dividers have received increasing research attention [18] , [20] - [24] .
In a dual-band front-end system, to transmit different frequency signals in different paths, each path requires the power to be split along two transmission channels. Intuitively, a circuit can be designed by cascading WPDs with different frequency bands to the output ports of a diplexer. However, this usually requires the use of different band filters in diplexers, as in [2] - [4] and [7] . Therefore, this paper proposes three new microstrip diplexing power divider (DPD) circuits, denoted as DPD 1, DPD 2, and DPD 3. The three DPDs were used as power dividers to design diplexing circuits. Compared with a diplexer cascaded to a divider at each of its output ports, the proposed DPDs without filters can separate signals for transmission through different frequency band channel dividers. The selectivity can be improved by incorporating a dual-band bandpass filter, as in [25] or [26] , at the input ports of each proposed DPD.
Integration of matching circuits in each of the proposed DPDs is an important design step because it avoids the unwanted loading effect. In DPD 1, shunt open stub is designed at each divider transmission paths to produce short circuits such that each divider has pure imaginary input impedance at the unwanted loading channel operating frequency. Therefore, the required open condition of the unwanted loading channel can be easily achieved by adding a 50-transmission line of appropriate length at each divider input. At unwanted loading channel operating frequency, DPD 2 or DPD 3 uses a shunt open stub at each divider input to produce a short circuit at the divider input; the open condition can be achieved by adding a quarter-wavelength (λ/4) transmission line before each divider input. The matching concept of DPD 2 or DPD 3 using a λ/4 line before an equivalent short circuit to meet the open condition is similar to that in [12] and [26] . To the best of our knowledge, the use of power dividers for different frequency bands to design diplexing circuits has not yet been reported in the literature. Fig. 1(a) shows a T-shaped impedance transformer such as that in [17] ; this transformer has two series transmission lines, S e1 and S e2 (all parameters of the two lines are the same), and one shunt capacitor with C e capacitance. The characteristic impedance and electrical length of S e1 or S e2 are Z e and θ e , respectively. The design equation for each λ/4 impedance transformer of conventional WPD and the T-shaped impedance transformer in Fig. 1(a) can be written as
II. DESIGN OF DPD 1
where B e is susceptance of C e and Z 1 is the characteristic impedance of WPD transformer. The T-shaped impedance transformer is used to design the proposed DPD 1. DPD 1 has low-and high-band power dividers with center frequencies f 1 and f 2 , respectively, where f 2 > f 1 . Figs. 1(b) and 1(c) show two possible structures to implement the capacitance of Fig. 1(a) . The T-shaped impedance transformer plays two important roles: The first role is to replace λ/4 impedance transformers of the conventional WPD, and the second is to provide a short circuit for the matching condition, where C e can be designed using structures such as those illustrated in Figs. 1(b) and 1(c).
In general, the capacitance C e of the T-shaped impedance transformer in Fig. 1(a) is not large considering the realizable range of microstrip line section S e1 /S e2 . Therefore, using only the one open stub of Fig. 1(b) to design λ/4 at f 2 for designing a short circuit at f 2 and to fit the small capacitance C e at f 1 is difficult for a low-band divider when the ratio of f 2 to f 1 is not large, i.e., the open stub length of λ/4 at f 2 is not short. Similarly, in a high-band divider, C e in the T-shaped impedance transformer of Fig. 1(a) is often unsuitable for using only one open stub to design a short circuit for the low-band matching condition and achieve the required capacitance at the same time. To overcome the issue of using only one open stub, capacitance C e of the T-shaped transformer in Fig. 1(a) can be realized by using two shunt open stubs of Fig. 1(c) . If capacitance C e of the T-shaped transformer in Fig. 1(a) is designed using two open stubs of Fig. 1(c) for a low-band divider, the electrical length of open stub S 2oe1 is 90 • at f 2 (θ 2oe1 f =f 2 = 90 • ), which can provide a short circuit for the high-band matching condition. Because f 2 > f 1 , θ 2oe1 f =f 1 < 90 • ; that is, the open stub S 2oe1 can be equivalent to a parallel capacitance or a positive susceptance at f 1 . The susceptance of the open stub S 2oe1 can be increased by appropriately designing the susceptance of open stub S 2oe2 under a fixed required equivalent susceptance of C e . By increasing the susceptance of the open stub S 2oe1 , the characteristic impedance of S 2oe1 can be decreased. That is, the high characteristic impedance (difficult realization in microstrip form) when using only a single open stub S oe of Fig. 1(b) can be effectively relaxed. In other words, S 2oe1 and S 2oe2 can be easily realized in microstrip form under reasonable Z 2oe1 and Z 2oe2 values. Similarly, S 2oe1 and S 2oe2 can also be easily realized in microstrip form in high-band divider under reasonable Z 2oe1 and Z 2oe2 values for low-band short matching circuit and high band required capacitance. Fig. 2 illustrates the equivalent circuit of the proposed DPD 1 comprising a low-band divider, a high-band divider, and two matching lines (X (1) T 1 and X (1) T 2 ) with Z 0 (Z 0 = 50 system impedance) characteristic impedance, wherein the WPD is used as the low/high-band divider by replacing the T-shaped VOLUME 6, 2018 equivalent transformer of Fig. 1(a) with each λ/4 impedance transformer. Therefore, the resistance R 3 , and M (1) 4 is equivalent to the T-shaped transformer in Fig. 1(a) , wherein the capacitance C e is realized by using two shunt open stubs of Fig. 1(c) . The transmission line parameters of M equals that of C e in Fig. 1(a) . The open stub M (1) 3 is λ/4 at f 2 . In other words, Point D 1 /E 1 is a short circuit at f 2 . Therefore, the behavior in the direction from Point B 1 to Port 2/Port 3 can be equivalent to when using two short stubs M (1) 1 and M (1) 5 in parallel, that is, the input impedance Z (1) in1 f =f 2 at Point B 1 is a purely imaginary number. The input impedance Z
can reach infinity by adjusting the length of the matching line X
(1)
On the basis of this design, the loading effect from the low-band circuit to the high-band circuit can be ignored.
The high-band divider has horizontal symmetry, with a design similar to that of the low-band divider. The required capacitance C e of each path can be realized by using two shunt open stubs of Fig can be decreased. In other words, the high characteristic impedance (difficult realization in microstrip form) when using only single M electrical length and characteristic impedance, respectively. The electrical length θ 
By the similar design concept of low-band channel, the high-band channel circuit can achieve the required matching and transmission conditions. The design parameters of the high-band channel circuit are R 
M 15 f =f 1 = 90 • , two transmission zeros for each path can be obtained at f 1 and f (1) TZ 2 , respectively. In this study, an RO4003C substrate (thickness = 0.508 mm, dielectric constant = 3.65, and loss tangent = 0.0065) was used to fabricate all circuits. Fig. 3 demonstrates the circuit layout and photograph of the proposed DPD 1, wherein chip resistors are used to implement R in Fig. 2. Fig. 4 illustrates the simulated and measured frequency results of DPD 1. The measured minimal insertion loss (−20log|S 21 |) of the low-band divider was approximately 3.74 dB at 1.77 GHz, whereas that (−20log|S 41 |) of the high-band divider was approximately 3.95 dB at 2.38 GHz. The measured |S 42 | between two operating bands was less than −24 dB. The measured maximal isolations −20log|S 32 | and −20log|S 54 | of the low-band and high-band dividers were approximately 39 dB at 1.78 GHz and 31 dB at 2.375 GHz, respectively. The measured magnitude and phase imbalances of the low-band divider operating band were approximately 0-0.173 dB and 1.66 • -2.89 • , respectively. The measured magnitude and phase imbalances of high-band (1) 12 , respectively. The low/high-band dividers exhibit a bandpass filtering response with lower and higher stopband transmission zeros. Therefore, the stubs in DPD 1 can be used for matching, stopband suppression, and improving isolation roles.
III. DESIGN OF DPD 2
Fig . 5 illustrates a π -shaped impedance transformer having a series transmission line S g with electrical length θ g and characteristic impedance Z g , and two shunt capacitors Cap g1 and Cap g2 with the same C g capacitance. The design equations between the λ/4 impedance transformer of WPD and the π -shaped impedance transformer in Fig. 5 can be written as
where B g is the susceptance of C g . A modified WPD [15] ( Fig. 6 ) can be formed using the π -shaped impedance transformer to replace each λ/4 impedance transformer of the conventional WPD (Fig. 3) . In Fig. 6 , the capacitance of Cap wg1 is equivalent to two C g in parallel, that is, the capacitance of Cap wg1 is 2C g . Fig. 7 presents the ideal equivalent circuit of the proposed DPD 2 that comprises a low-band divider, a high-band divider, and two matching lines (X
T 1 and X (2) T 2 ) with Z 0 characteristic impedance, wherein the low/highband divider equivalent circuit uses the modified WPD shown in Fig. 6 . Therefore, the resistance R In other words, Point B 2 is a short circuit at f 2 . Therefore, the input impedance Z (2) in1 f =f 2 = ∞ can be reached by designing the length of matching line X (2) T 1 of Z 0 to equal λ/4 at f 2 . On the basis of this design, the loading effect from the low-band circuit to the high-band circuit can be ignored. M (2) 2 can help M (2) 1 realize a microstrip form, which is similar to that of M (1) 4 achieved with M (1) 3 in DPD 1. Using a similar design, the loading effect from the high-band circuit to the low-band circuit can also be avoided by designing the length of matching line X 12 is used to realize the capacitances C g in Fig. 6 .
The two band center frequencies of DPD 2 are f 1 = 1.8 GHz and f 2 = 2.4 GHz. The design parameters of DPD 2 are R 
T 2 is fixed at λ/4 of f 2 /f 1 .
IV. DESIGN OF DPD 3
From (3), a high characteristic impedance (Z g ) is required to achieve a short length (small size) of the series transmission line section S g in Fig. 5 . However, this could be a challenge in microstrip form. This problem can be overcome by replacing the π -shaped lumped impedance transformers in Fig. 10(a) and Fig. 10(b) [28] with 90 • and −90 • transformers, respectively, wherein inductance L h and capacitance C J are designed by chip inductor and capacitor to avoid the difficult microstrip form realization of high characteristic impedance for S g . In WPD, the 90 • transformers can be replaced by −90 • impedance transformers. The design equations between 90 • and −90 • impedance transformers of WPD and the π-shaped impedance transformer in Fig. 10 can be written as
where X h /X J denotes the reactance of inductance L h /L J , and B h /B J denotes the susceptance of capacitance C h /C J . The modified WPDs in Fig. 11(a) and Fig. 11(b) can be obtained using the two π -shaped circuits in Fig. 10(a) and Fig. 10(b) to design their impedance transformers, respectively, where Cap Wh1 /Ind WJ1 is equivalent to the value of capacitance 2C h /inductance 1 2 L J in parallel. Fig. 12 illustrates the proposed DPD 3 ideal equivalent circuit comprising a low-band divider, a high-band divider, and two matching lines VOLUME 6, 2018 T 2 ) with Z 0 characteristic impedance, wherein the low-and high-band dividers use the modified WPDs, as shown in Fig. 11 ; the resistance R is λ/4 at f 2 . In other words, Point B 3 is a short circuit at f 2 . Therefore, the input impedance Z (3) in1 at f 2 can reach infinity by designing the length of matching line X (3) T 1 of Z 0 to equal λ/4 at f 2 . On the basis of this design, the loading effect from the low-band circuit to the high-band circuit can be ignored. Using a similar design, the loading effect from the high-band circuit to the low-band circuit can also be avoided by designing the length of matching line X (3) T 2 of Z 0 to equal λ/4 at f 1 . Therefore, the input impedance Z (3) in2 at f 1 can reach infinity.
The design parameters of DPD 3 are R i (i = 1 to 6), respectively. Fig. 13 illustrates the circuit layout and photograph of DPD 3, wherein a chip resistor, capacitor, and inductor are used to implement lumped elements. Fig. 14 presents the simulated and measured frequency results of DPD 3. In the operating band, the measured minimal insertion loss (−20log|S 21 |) of the low-band divider was Although DPD 2 and DPD 3 use the π -shaped equivalent transformer to design the low/high-band dividers, the primary difference is only one λ/4 open stub near each divider input of DPD 3; however, in this paper, two stubs exist near each divider input of DPD 2. From (3) and (4) of DPD 2, the following equation can be obtained:
From (5) and (6) of DPD 3, the following equation can be obtained: From (9) and (10), B h > B g when 0
M 3 = 51.77 • is designed in the low-band divider of DPD 2 and Z 1 = 70. 7 is designed in that of DPD 2 or DPD 3. B h = 1.62B g is calculated. Under this condition, compared with B g , reasonable characteristic impedance can be realized to fit the larger B h value by using only one microstrip open stub at λ/4 of f 2 in DPD 3. However, DPD 2 needs an assistant stub M (2) 2 to realize reasonable characteristic impedance λ/4 for M 4 is equivalent to an inductance at f 2 . However, near the input of DPD 2, the high-band divider needs an equivalent shunt capacitance. At f 2 , the inductance (using a single stub M (2) 7 ) can be turned into the required design capacitance by adding the assistant shunt stub M (2) 8 . In the high-band divider, DPD 3 can use only one λ/4 of f 1 M (3) 4 to meet the required 1 2 X J because the input of the high-band divider needs an equivalent shunt inductance. Although DPD 3 has advantages of small size contributed by chip capacitors and inductors and only one stub near each band divider, the additional chip capacitors and inductors result in an increase in the lump element cost and additional unwanted parasitic effect. 
V. DISCUSSION
As shown in Fig 15, antenna gains for different frequency bands can be increased by cascading different band power dividers (Divider 1 and Divider 2) to a conventional diplexer in the RF front-end circuit system, wherein different band antennas are connected at Ports 2-3 and Ports 4-5, respectively. The diplexer comprises two bandpass filters with different frequency bands (BPF 1 and BPF 2) and two 50-matching lines. Fig. 16 illustrates a dual-band filter cascaded to the proposed DPD structure, which has a similar function of Fig. 15 for increasing the gains of antennae with different frequency bands. This paper presents three types of DPD structures (DPD 1, DPD 2, and DPD 3) for increasing the antenna gains in 1.8 GHz (LTE) and 2.4 GHz (Wi-Fi) band systems. In particular, both DPD 1 and DPD 2 have a bandpass response with transmission zeros at the lower and upper stopbands for each transmission band; that is, DPD 1 or DPD 2 has satisfactory selectivity in each transmission path, despite not requiring an additional filter. Fig. 17(a) shows a dual-band filter [25] cascaded to input port of Fig. 3(a) (DPD 1) , wherein stub-loaded resonators [26] are used to the filter design. In Fig. 17(b) , two WPDs are connected to a conventional diplexer, wherein the diplexer uses two 50-lines to design the junction matching of two different band cross-coupled filters [29] ; 100-isolation resistors R 1 and R 2 are used to the different band WPDs. In Fig. 17 , the two operating frequencies f 1 and f 2 are approximately 1.8 GHz and 2.4 GHz, respectively 3-dB fractional bandwidths of the high-and low-band are approximately 4.4 % and 2.7%. Fig. 18 shows the simulated comparisons of Fig. 3(a) , Fig. 17(a) , and Fig. 17(b) . For 20log|S 21 |, the minimal values are 3.4 dB, 5.6 dB, and 5.4 dB, respectively. For 20log|S 41 |, the minimal values are 3.5 dB, 7 dB, and 6.6 dB, respectively. In Fig. 17(a) , the dualband filter contributes approximately 2.2 dB and 3.5 dB transmission losses for low-and high-band channels, respectively. In general, bandpass filter has serious loss issue when high selectivity response and narrow bandwidth are needed. Therefore, the presented DPD circuits have the flexibility to add extra dual-band bandpass filter depending on low loss or high selectivity requirement after finishing the designs of DPDs. However, by cascading two different band conventional WPDs to output ports of a conventional diplexer, the two filters can not remove form the dilplexer because each channel 50-matching line is difficult to achieve the required open condition under avoiding the filters. In other words, input impedance of each WPD without filter can not approach outside circle of Smith chart near the other band. Therefore, 50-matching line can not bring it to approach the required open condition near the other band.
VI. CONCLUSION
In this paper, three new microstrip DPDs using integrated matching circuits in dividers were proposed. In the proposed DPDs, the integrated matching circuits ensure that each band divider with pure imaginary input impedance or a short circuit can achieve the required open condition by adding a 50-transmission line of appropriate length or a λ/4 transmission line before the divider. With the proposed matching designs, each DPD can easily decide each band channel response and may facilitate the design process. Moreover, all the proposed DPDs designs were carefully verified.
